Choosing an optimal bunkering port that minimises the increase in the operating costs in a hub and spoke system is a multi-criteria decision-making (MCDM) problem. Furthermore, the criteria are related to the port particularities, the environment, fuel price, and some criteria are quantitative while others are qualitative. It is therefore necessary to create a model that takes such features into consideration. Firstly, in this paper a set of the most used criteria will be defined. Then, a method to choose suitable criteria for a hub and spoke system will be proposed. Secondly, using a Fuzzy AHP, weights will be defined and used in a multi-criteria goal function. The outcome is a bunkering policy MCDM model based on the aggregation of fuel consumption and price to criteria related to port characteristics, local aspects and service particularities. All these factors must be considered by a chief engineer (superintendent) in the process of defining a sustainable bunker policy. A case study based on the North Adriatic port system demonstrates the applicability of the proposed model. In addition, the case study highlights that in hub and spoke systems with short loops, feeder ships can regulate cargo capacity and stay at a port with bunkering policy planning.
INTRODUCTION
Determining the characteristics of optimal bunkering ports and defining optimal bunkering refuelling decisions (generally related to keeping costs down to a minimum) are problems that have been widely but separately analysed. It can also be noted that researchers have paid more attention to the optimal bunkeringrefuelling decision problem than to which factors and characteristics influence the choice of the bunkering port. On the other hand, the majority of the proposed models are based on linear shipping organisation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , while researchers have seldom considered hub and spoke [13] or tramp services [14, 15] .
In this paper, hub and spoke service, consisting of two levels of service -the main routes between hub ports and the feeder routes between spoke ports -will be examined. Hub ports are major, deep-sea transhipment ports and spoke ports are feeder ports of a geographical region [16] . Hub and spoke service will also be compared to linear service based on fixed routes, regular services and fixed schedules where all ports have the same role. Within the hub and spoke service there is also an inflexibly organised system with a clear diversification of the roles between hub ports and spoke ports and between deep-sea line and feeder services [17] .
The literature review clearly indicates that the characteristics of optimal bunkering ports and optimal bunkering policy have not been sufficiently addressed by the studies, as up to now the authors have analysed the two problems separately. Moreover, the optimal bunkering policy problem is generally analysed in the case of a linear shipping network. Furthermore, in all the aforementioned papers the assumption has been made that ships sail exactly at the optimal speed based on mathematical models, but as a consequence of wind and sea current it is impossible to guarantee that the real speed perfectly matches the optimal one. Wang and Meng in [4] observed that the predicted total cost may be different from the real total cost and the planned "optimal" speed may no longer be optimal considering the uncertainties of real speed.
Also, it can be noted that in bunkering port choices with respect to optimal bunkering (in the case of linear shipping service, hub and spoke service or other types of services), defined as cost optimisation problems generally based on the ship speed (consumption), the optimisation has been less examined by researchers. Only in two papers [18] and [19] have the criteria used to choose a bunkering port been defined and analysed. No articles combining an adequate bunker policy with a proper bunkering port selection were found, and furthermore, authors generally took into consideration only the linear shipping service model.
In this paper a method to define the optimal bunkering policy will be proposed, and it is not only focused on minimising costs, but also takes into consideration the ballast and cargo capacity of the ship with respect to the tank volume and the appropriateness of the bunkering port according to ship requirements. [20] . Peer comparison using the fuzzy AHP method and the Saaty nine-stage linguistic scale, between the elements of the subcriteria level and then between elements of the next level of the hierarchy, was done to compute the global weights [21] .
The final result is a hierarchy between all factors and at the same time weights of the multi-criteria objective function used in the next Section are defined; the results of the AHP method are presented in Figure 1 .
The consistency check of the pairwise comparison matrix is made at the subcriteria and criteria levels. The consistency ratio (CR) obtained comparing the consistency index (CI) of the defined matrix and the consistency index of a random matrix (RI), as defined by Saaty, was computed at each level and the values are less than 0.1; therefore, the AHP method is consistent [21, 22] .
On the basis of the AHP method, it is possible to note that the most relevant factors with weights greater than average are: bunker price, port tariffs, bunker quality, supply wait time, safety of bunkering, bunkering risk management, port weather conditions and cargo/containers on board or to be loaded.
With respect to the most important factors for linear shipping, it can be noted that in the case of hub and spoke, experts do not consider the geographical position, port tariffs or the port bunker fuel capacity to be the most important factors but put more emphasis on the weather conditions and cargo.
Step 2: Formulation of the model A fuzzy discrete dynamic programming model is defined in this section on graph G=G(V,E), where V is the set of vertices (ports of the system) and E is the set of edges (paths between ports). A multi-criteria objective function is used to compute the optimal bunkering policy at the optimal port by using weights defined in the previous Section. The optimal bunkering policy of a ship is expressed using a triangular fuzzy variable.
The bunkering policy is subject to the optimisation of the transport of full and empty containers in a hub and spoke system in a graph. This problem could be described as a Vehicle Routing Problem with Pickup and Delivery (VRPPD), [23] . It is also reasonable
METHODOLOGY AND MODEL DEFINITION
The bunkering policy and port choice in a hub and spoke system are defined using a three-step algorithm: (1 st step) ranking of the bunkering ports, (2 nd step) definition of the mathematical model, and (3 rd step) merging of results to define an optimal bunkering policy model.
Step 1: Bunkering port ranking
It is possible to find in the literature factors which affect the performances, and competitiveness of the bunkering ports only in cases of linear shipping [18, 19] . In Table 1 , the key performance factors detected in the literature review are listed in order of importance (from the most important to the least significant). The proposed order of importance is from the literature review in the case of linear shipping.
The key factors listed in Table 1 are used as a starting point in the model of effectiveness evaluation of the bunkering port in a hub and spoke system. The proposed order of importance in a hub and spoke system is not necessarily correct, as the structure of the system and the port roles are different with respect to the linear shipping model. The hub and spoke model is generally used in the case of container transhipment and the key factors with regards to ranking will be adapted to this case.
A group of experts made up of experienced academics and ship owners offering hub and spoke services in the North Adriatic was formed to define a list of the proper key factors and weights that could be used to rank bunkering ports in a hub and spoke system. On the basis of the observations made by the experts, a new factor was added to those listed in Table 1 , related to the cargo (containers) on board or to be loaded. The detailed structure of the model based on the graph will be defined in the next step which is based on the expert port performance evaluation taking into consideration the specific port characteristics and the general characteristics of the hub and spoke system.
The resulting number of criteria is greater than 15, which is the limit value for the consistency check of the AHP method; therefore, the related criteria were aggregated to form a consistent hierarchy model structure In the presented model, the following statements will be used:
A triangular fuzzy number ( , , )
is defined by the following membership function, see [24, 25] :
Comparison of two triangular fuzzy numbers ( , , )
is defined as a binary relation and Ã>B iff , 
and the next notations are used:
to make the optimisation on one cycle in the graph, which is the cycle of the feeder ship that starts and ends at the hub port and visits the spoke ports.
The following notations will be used in the presented model: i ! V -vertices (ports of the system) of the graph G=G(V,E) and of the hub and spoke system; n+1=|V| is the total number of the ports (bunker candidates) in the system. i=0 (and i=n) is the hub port and 1 ≤ i ≤ n -1 are the spoke ports; l i -load cargo volume at port i; u i -unload cargo volume at port i; b i -triangular fuzzy volume of ballast (fresh water) on board at port i; e i,j ! E -edges of graph G=G(V,E) and paths of the ships, j>i; W -declared ship tank capacity; W i -available triangular fuzzy tank capacity at port i; the value is not constant and depends on the quantity of cargo on board and on the volume (weight) of other liquids on board, such as ballast and fresh water; p i -triangular fuzzy fuel price at port i; Q r i,m -remaining triangular fuzzy amount of fuel at port i at algorithm iteration m, [2] ; Q c i,j -consumed triangular fuzzy amount of fuel on the edge e i,j from port i to port j, [2] ; k l -weights obtained in Step 1; x i -optimal quantity of fuel added at port i. 
The algorithm computes the optimal solution when c m (j)=c m-1 (j) for 1 ≤ j ≤ n and Equation 7 reaches the equilibrium state.
Step 3: Optimal bunkering policy model
On the basis of the previous two steps, it is possible to define the ship bunkering policy in the hub and spoke model of service. It may be noted that the refuelling policy at each port is comparable to the method proposed by [2] but the amount of refuelling could be different than that of [2] , as it also depends on the port suitability, cargo policy and not only on the fuel price.
The ship optimal bunker policy at the ports of the system is a sequence of fuel quantity {x 0 ,x 1 ,…,x n } computed using the Bellman Equation 7 at the equilibrium state. Refuelling takes place at a proper port and the volume is defined in accordance with the fuel price, other volumes, cargo on board and an evaluation of the defined ports. The optimal bunkering policy is ,
where the equilibrium value is obtained. Generally, ships are fully loaded at the hub port, and the congestion at this port is higher than in other ports, so that refuelling is done only if strictly necessary; it is therefore reasonable to assume x 0 =0.
CASE STUDY OF THE NORTH ADRIATIC HUB AND SPOKE SYSTEM
This Section presents the numerical simulation between the spoke ports of the North Adriatic: the ports of Rijeka, Koper, and Venice which are part of the NAPA port system; and a hub port located in the Mediterranean Sea (see Figure 2 and [30] ). The above proposed method is applied to the container ship Asiatic Moon which performs a weekly feeder service in the system. The parameters used in the case study are based on real data. The simulation was done to compare and clarify the differences between the bunkering policy found in both linear shipping and hub-and-spoke system. Also highlighted was an integrated approach which takes into consideration the bunkering price and requirement, and the properties of a given port. The compartment capacity characteristics of the 1,155 TEU container ship Asiatic Moon are presented in Table 2 , [31] .
Fuel consumption of a 1,155 TEU feeder ship, at an average speed of 16 knots, [32] , could be evaluated on the basis of data analysis and previous research [33, 34] , as a triangular fuzzy value (37,40,43) tons/ day. Arithmetic operations between the triangular fuzzy numbers are based on the Zadech extension principle [27] . The membership grade of the defuzzified value obtained with the signed distance method has a greater value than those obtained with the centroid methods. Thus it makes sense to use this defuzzification method.
For the triangular fuzzy number ( , , )
the defuzzified value obtained with the signed distance method could be defined as the signed distance of Ã to the real number , ( , ) [29] ) is defined as:
, , 
c m (j) is the minimum weighted refuelling cost (quantity) from port 0 to port j stopping at most m refuelling ports, 0 ≤ m ≤ n and taking into consideration the evaluation of stopping ports (all ports where the feeder ship stops).
The available triangular fuzzy tank capacity W i O at port i, as previously mentioned, is not constant and depends on the quantity of cargo on board and on the volume (weight) of other liquids on board such as ballast and fresh water and must ensure the stability of the ship.
In this paper, it is assumed that the ship loads / unloads cargo according to plan, and then refuels. Furthermore, the volume of ballast on board is a triangular fuzzy value as it could be adjusted in accordance with the fuel price and port bunkering capacities and characteristics.
The objective function, defined as the Bellman equation, is used to detect the optimal bunkering policy at the optimal port, and is defined as: ports of the systems. Variations are made of estimates only between the factors that are most relevant in the AHP method in the case of hub and spoke. The triangular fuzzy price of fuel is ( , , ) p 335 340 345 i = u $/tons (IFO 380) and it is the same at all ports as the ports are very close. The port tariffs applied to bunkering are different as the ports are not in the same countries.
Simulation a) All ports are equally evaluated except the hub port (worst evaluation)
In the hub port, the frequency of operations, bunkering waiting time and the amount of cargo on board are greater than at the spoke ports. In this case, all the spoke nodes are equally evaluated except the hub port and the model is the same as those based on the fuel price and consumption. Ports evaluations and values of the most relevant factors of the AHP model are presented in Figure 3 .
Using Equations 1-5 and the triangular fuzzy number arithmetic, the initial values c 0 (j) are: c 0 (0)=0, c 0 (1)=0, c 0 (2)=0.70, c 0 (3)=0.70, and c 0 (4)=0.79.
On the basis of Equation 7 the values of c 1 (0)=0, c 1 (1)=0, c 1 (2)=0.52, c 1 (3)=0.52, c 1 (4)=0.61 and of c 2 (0)=0, c 2 (1)=0, c 2 (2)=0.52, c 2 (3)=0.52, and c 2 (4)=0.61 are computed.
In the second iteration c 1 (j)=c 2 (j) for all j, consequently the values of c 2 (j) define the optimal bunkering policy:
=86.56 tons, x 2 =0 and x 3 =0, x 4 =0.
In this case the objective function, see Equation 7 , defines a bunkering policy based on fuel consumption, price (tariffs) and cargo on board, since the fuel price is the same in all ports of the system, but the port tariffs are different and the spoke ports have comparable bunkering performances evaluation.
Therefore, it is reasonable to maximally refuel at the first port where necessary and it is not convenient to repeat refuelling more times if this is not dictated In Table 3 the values of , Q , i j c M fuzzy fuel consumption (in tons) of the feeder ship are presented between the nodes of the cruise itinerary presented as a loop of the hub and spoke graph. The graph is defined in accordance with the feeder cargo plan, where the solid lines are parts of the ship itinerary and the dashed lines are added connections needed for the model (see Figure 2 ).
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Figure 2 -A loop of the hub and spoke graph
Using the hierarchy of the appropriate factors to evaluate the bunkering port efficiency as defined in the first step of the model, the suitability of the ports of the North Adriatic hub and spoke system is evaluated. The results are computed using a five-stage rating scale (5 is poor, 4 is fair, 3 is good, 2 is very good and 1 is excellent). The initial fuel oil tank capacity is ( , ; , ; , ) W 1 245 1 258 1 259 0 = O and the initial remaining fuzzy amount of fuel at the hub port is ( , , ) Q 70 80 90 , r 0 0 = M tons, which makes it possible to reach at most Node 1 of the itinerary. Three simulations of port evaluations are presented: a) all spoke ports are equally evaluated except the hub port (worst evaluation); b) Node 1 has a better evaluation than the other nodes; and c) Node 1 has the worst evaluation of the other nodes and the fuel price is different at the takes into account both models: the fuel consumption model and the bunkering ports properties evaluation model. However, since the evaluation of the hub port is worse than the evaluation of other ports, the most proper decision is to refuel at the port of Rijeka since the port tariffs are lower than in the other ports and the AHP evaluation of the port is better than that of the other ports.
Simulation c) Node 1 has the worst evaluation of all the other nodes.
In this case the port of Rijeka has the worst evaluation, the port tariffs are different and the fuel price is the same in all ports of the system, as before (see Figure 5 ). This simulation is made to highlight how port evaluation could change the refuelling policy obtained in the previous simulations. Using and the triangular fuzzy number arithmetic, the initial values c 0 (j) are: c 0 (0)=0, c 0 (1)=0, c 0 (2)=0.60, c 0 (3)=0.60, and c 0 (4)=0.69.
On the basis of Equation 7 the values of c 1 (0)=0, c 1 (1)=0, c 1 (2)=0.60, c 1 (3)=0.60, c 1 (4)=0.69 and of c 2 (0)=0, c 2 (1)=0, c 2 (2)=0.60, c 2 (3)=0.60, and c 2 (4)=0.69 are computed.
by the amount of cargo on board. The obtained results are comparable with the results obtained in the case of linear shipping organisation models [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , based on fuel consumption.
Simulation b) Node 1 has better evaluation than the other nodes
The port of Rijeka has a better evaluation than the Port Koper (or of all the other ports) at the same fuel prices resulting in no changes to the optimal bunkering policy.
As in the previous case, changes are made just on the criteria that have a greater weight than the average in the AHP evaluation, see Figure 4 .
In this case the fuel price is the same at all ports of the system (but port tariffs are different) and the port evaluations are different so the obtained result the AHP evaluation consider cargo an extremely relevant factor, so that a feeder ship can adequately refuel, to maximally exploit the ship cargo capacity. This may indicate that feeder ships, on small spoke loops, tend to regulate the loading capacity and the stay duration in a port also by exploiting the capacities of the fuel tank, as demonstrated with simulations b) and c).
The case study reveals that it is rational to add the minimum required amount of fuel at the hub port, in a hub and spoke system with short cycles, due to the large amount of cargo on board. If, however, the other spoke ports have a worse evaluation than the hub port and the same fuel tariff, it seems optimal to add all the necessary fuel at this port (simulation c)). Otherwise, if the spoke ports have a better evaluation than the hub port, it seems reasonable to add all the necessary fuel at the spoke port with the best evaluation (simulation b)).
Basing the bunkering policy only on fuel price, as in linear shipping, does not allow one to consider the possibility of maximal loading or the adequacy of the ports (simulation a)). This can cause delays and increase costs.
This shows that the proposed MCDM model, which simultaneously considers the price of fuel, the cargo on board and the port characteristics, defines the bunkering policy differently from the one based only on fuel prices. The bunkering policy obtained is more correlated to the availability and limitations of ports that could influence the quantity of the cargo on board.
In addition, the case study simulations highlight that in the North Adriatic hub and spoke system, feeder ships regulate the cargo capacity and the stay at a port by using bunkering planning. This is an example of a hub and spoke system with short loops; the results obtained can also be applied to other systems with the same characteristics. Dr In this case, also the fuel price and port characteristics are considered at the same time. The refuelling is done at the hub port and the added quantity is the same as in the previous simulations. The choice of a different port is due to the change in the assessment of the ports on the itinerary, which highlights the importance of including the evaluation of the port bunkering performances in the overall selection process of the optimal bunkering port and optimal refuelling policy.
CONCLUSION
The hub and spoke definition of optimal bunkering policy with respect to the case of linear shipping bunkering policy is correlated more to the port properties, as the required accuracy of itinerary planning for the feeder ship is greater.
The case study, comparing feeder ship fuel capacity (see Table 2 ) and the average fuel consumption on small spoke loops (see Table 3 ), reveals that the feeder ship does not necessarily need to refuel at each round trip.
From Table 2 it is possible to note that the declared fuel oil tank capacity for the considered feeder ship is 1,233.38 tons, which exceeds by far the consumption during a cycle that could be estimated at 300 tons of fuel in case of standard weather, service and port conditions.
It is therefore, possible to plan the choice of refuelling port and at the same time consider the bunkering tariffs, in order to achieve not only the optimisation of fuel price but also the suitability of the port and cargo requirements. In this way, all sustainability pillars could be improved upon: the economic, environmental and social ones. By taking into consideration the structural and organisational characteristics of the ports in addition to the economic aspect, one reduces the possibility of human error and accidents that can result in pollution. On the other hand, the experts involved in 
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